Protein oxidation readily occurs in postmortem muscle during storage and processing. Over the past decade new analytical methods have been developed and new aspects of protein oxidation in meat have been studied, such as the reaction mechanism, and impacts on eating quality and nutritional value. It is now evident that amino acid side chains in myofibrillar proteins undergoes modifications due to oxidative stress. In turn this will lead to formation of new protein-protein cross-links in structural proteins, however, also the overall level of fixed-charge groups attached to the peptide backbones is modified. Meat texture and water-holding are important quality attributes and they are affected by the oxidation of structural proteins. Different mechanisms have been suggested to explain the oxidation-induced quality changes, focusing mainly on reduced proteolysis and formation of cross-links. This review explores the current understanding of protein oxidation in fresh meat in relation to texture and water-holding. The consequences of protein oxidation at molecular level in relation to oxidation-induced cross-linking and changes in net charges of myofibrillar proteins, and the impacts on texture and water-holding are discussed.
Introduction
Protein oxidation has in many studies been in focus in the medical area owing to the relationship between oxidationinduced damages of proteins and age-related diseases (Berlett and Stadtman 1997) . Protein is one of the major components in many foods and, therefore, oxidationinduced damages to proteins, if accumulated to certain levels, is expected to affect food quality. Meat, being a proteinrich food and containing pro-oxidants, such as lipids and myoglobin, is susceptible to oxidation. Oxidative conditions readily occur in postmortem muscle and several excellent review papers have discussed the general mechanisms of muscle protein oxidation and its impact on the eating quality and nutrition of meat (Est evez 2011; Lund et al. 2011; Soladoye et al. 2015; Zhang, Xiao, and Ahn 2013) .
Texture and water-holding are important meat eating quality traits as they greatly influence sensory properties and therefore the economic value of meat. These properties have been extensively studied. Nonetheless, the mechanisms defining meat tenderness and water-holding capacity are only partly understood as the meat structure is very complex. Meat texture is greatly affected by the amount and quality of the connective tissue, the sarcomere length as the muscle enters rigor mortis, and the degree of proteolysis during chilled storage. Water-holding capacity is in addition influenced by phenomena at the myofibrillar, myofilamental and protein level Huff-Lonergan and Lonergan, 2005) . Electrostatic forces, osmotic forces and capillary forces are all phenomena affecting the location of water molecules in the meat structure (Puolanne and Halonen, 2010) , and these forces are in turn affected by charges of amino acid side chains, hydrophilic and hydrophobic areas of the proteins, and the interaction with structural elements within the sarcomere and between the myofibrils. Further effects arise due to oxidative modifications of proteins. An elaboration about the effects of protein oxidation on texture and water-holding provides beneficial information for meat processors and consumers. This review aims to explore effects of protein oxidation on the texture and water-holding of meat and the underlying mechanisms, with a focus on meat structure and a novel perspective of protein net charges.
Effects of protein oxidation in meat on filament charges and protein cross-linking
Protein oxidation is believed to start from the abstraction of a hydrogen atom in the protein by reactive oxygen species (ROS). ROS is a collective term that includes oxygen-containing radicals (such as O 2 À , OH, RO , RO 2 ) and also some non-radical derivatives of oxygen (such as H 2 O 2 , HClO, O 3 ). ROS can be produced during normal metabolism of muscle and also upon exposure of meat to exogenous factors including oxygen in modified atmosphere packaging (MAP), irradiation and chemical reagents. The nature of ROS is of importance for the resulting oxidative reactions. The hydroxyl radical ( OH) is very reactive and it can initiate oxidation in proteins and lipids. In meat and meat model systems, the H 2 O 2 -activated metmyoglobin can generate very potent oxidants (Baron and Andersen 2002; Irwin, Østdal, and Davies 1999) . Oxidized lipids have also been used to initiate protein oxidation in meat (Park and Xiong 2007; Xiong, Park, and Ooizumi 2009) as radicals can transfer between lipid and protein (Schaich and Pryor 1980) . Hypochlorous acid (HClO) is a strong oxidant that is able to mediate protein oxidation (Hawkins, Pattison, and Davies 2003; Pattison and Davies 2006; Pattison, Hawkins, and Davies 2007) . Soglia, Petracci, and Ertbjerg (2016) found that HClO is very efficient in introducing protein oxidation in meat, as they observed marked increase of carbonyl groups in all analyzed protein fractions after incubation of minced meat with HClO. Protein is the most abundant constituent of lean meat except water. Oxidative modifications of proteins can have a large impact on meat quality. The general consequences of protein oxidation in meat and the effects on filament charges and protein cross-linking are described and discussed below.
Amino acid sidechain modifications
Essentially all amino acids can be oxidized (Davies and Dean 1997) . As reviewed by Lund et al. (2011) , cysteine, tyrosine, phenylalanine, tryptophan, histidine, proline, arginine, lysine and methionine are particularly susceptible to ROS. It is often difficult to detect small losses of amino acids by composition analysis following hydrolysis due to poor method sensitivity. Analysis for oxidation products is a more sensitive approach for detection of oxidative damage. Park and Xiong (2007) investigated the oxidative modifications of amino acids in myofibrillar proteins which were exposed to three different oxidizing systems (an iron-catalyzed oxidation system, a lipid oxidizing system, and a metmyoglobin oxidizing system). Cysteine was the only amino acid residue that decreased in all three oxidizing systems. The thiol group of cysteine residue is highly susceptible to oxidation and loss of thiol groups has been widely used as a marker for protein oxidation in meat (Delles and Xiong 2014; Lund et al. 2007; Martinaud et al. 1997) .
The formation of carbonyls is another important sidechain modification in oxidized proteins. For a thorough review on protein carbonyls in meat, see Est evez (2011). The original method for carbonyl determination (Levine et al. 1990 ) has been adopted and modified to optimize the detection of carbonyls in muscle proteins (Decker et al. 1993; Fagan, Sleczka, and Sohar 1999; Soglia, Petracci, and Ertbjerg 2016) . Soglia et al. (2016) introduced treatments including addition of SDS, heating, and ultra-sonication for TCA precipitated protein before derivatization with DNPH, and found that those additional steps overall resulted in two to four fold more carbonyls measured in meat from different species as well as in different protein fractions. The detection of specific carbonyls, lysine-derived a-amino adipic semialdehyde (AAS) and arginine-or proline-derived c-glutamic semialdehyde (GGS), enables in-depth study of the relationship between carbonylation and functionalities of myofibrillar proteins (Utrera and Est evez 2012) . Est evez (2011) regarded the major protein-derived carbonyls in meat as AAS and GGS. In addition to the amino acids resulting in AAS and GGS, other amino acids may oxidize into carbonyl products as well. The histidine-derived carbonyl, 2oxo-histidine, has been detected in many proteins subjected to in vitro oxidation (Uchida 2003) ; and also the amount of histidine in myofibrillar proteins was found to become lower when exposed to a metmyoglobin oxidizing system, indicating the oxidation of histidine (Park and Xiong 2007) . More recently, the histidine content in myofibrils was found to decrease with HClO-mediated oxidation, and the decrease was at the same magnitude as the formation of carbonyls (Bao, Boeren, and Ertbjerg 2018) . Oxidation of histidine was likely a main contributor of the increased carbonyls. Therefore, in addition to the use of AAS and GGS as markers of protein oxidation in meat, it is of interest to focus on histidine derived carbonyls in meat as well.
Oxidation and protein charges
The biological and biophysical properties of proteins are greatly affected by mobile electrolyte ions and by ionized fixed-charge groups attached to the peptide backbones. It is, therefore, critical to understand the influence of protein charges on meat quality traits. Oxidative modifications of amino acid sidechains are occurring under oxidative stress and can lead to altered protein charges in meat Utrera and Est evez 2012) . Consequently, the concept of protein charges may offer a novel perspective to understand the mechanisms behind oxidation-induced meat quality changes.
Origin of protein charges
Several amino acid sidechains can exist in basic or acidic forms, depending on their pK a values and the pH of the solution. The Henderson-Hasselbalch equation describes the relationship between pH, pK a and the dissociation of a weak acid (Equation 1) or weak base (Equation 2).
Based on Equation (1) and (2), when the pH is much lower than the pK a of acid or base, the protonated form predominates. In this case the acidic side chain has a charge close to 0 and the basic side chains a charge close to þ1. Conversely, when the pH is much higher than the pK a , the deprotonated form predominates, resulting in acidic side chains with a charge close to À1 and basic side chains a charge close to 0. The acid or base form that is prevalent at pH of 5.5 (around ultimate pH of meat) is marked in red in Fig. 1 . It should be noted that in folded proteins, the actual dominant form of amino acid residues also depends on the local environment (Kuriyan et al. 2012) . For example, a charged residue is energetically unfavorable in a hydrophobic environment but favorable when there is charged residues interacting with it. Thus in folded proteins, the pK a values of amino acid residues may differ significantly from those in Fig. 1 .
Charges at protein and filament level
Charges in meat can be studied at individual protein and at filament level. Hamm (1972) studied the amount of positively and negatively charged groups of muscle proteins in relation to pH using a dye-binding assay and the results are presented in Fig. 2 . Based on Fig. 2 , at the pH of living muscle (pH close to 7), aspartic acid and glutamic acid predominantly exist in the form with a charge of À1; histidine, tyrosine and cysteine remain neutral; lysine and arginine are in þ1 charged form. This gives a net charge around (14.2 À ) þ (7.4 þ ) þ (3.8 þ ) ¼ 3 (mole e/10 4 g actomyosin).
After slaughter when the muscle approaches the typical ultimate pH of 5.5, histidine will shift from being mainly neutral to mainly positively charged, while other charged amino acid residues almost remain unaffected. This leads to a decreased net negative charge of (3 À ) þ (1.8 þ ) ¼ 1.2 (mole e/10 4 g actomyosin). The values for net charges mentioned here are rough estimations, other factors like bound ions have an effect on net charges as well. As an example, Hamm (1960) found that at pH 7 more Mg 2þ and Ca 2þ ions were bound to myofibrillar proteins compared to pH 5.5. From living muscle to postmortem muscle, histidine gradually changes from neutral to positively charged form. This may be one of the key factors to understand meat quality changes early postmortem.
The isoelectric point (pI) of muscle proteins can be estimated based on protein sequences and also be measured by isoelectric focusing. The isoelectric point can vary a lot between protein subunits as shown in different myosin fragments. A major part of the sarcoplasmic proteins have pI values between 6 and 7 (Bendixen 2005) and the myofibrillar proteins as a whole has a pI around 5.0 (Hamm, 1972) . Therefore, myofilaments are negatively charged in fresh meat as the ultimate pH is generally around 5.5. According to Naylor et al. (1985) , the Donnan potential together with the principle of electrical neutrality can be used to estimate the fixed charges on the myofilaments. The measured Donnan potentials in rabbit psoas muscle in rigor were electrically neutral (indicating the pI) at pH 4.5 in 10 mM KCl, or at pH 5.2 in 50 mM KCl. Therefore, the pI of the proteins depends on ionic strength as well. In agreement, salt has been shown to affect pI of muscle proteins (Hamm 1972) .
Effect of protein oxidation on protein charges
Protein carbonylation usually involves loss of lysine, arginine, and histidine residues (Stadtman and Levine 2003) . These amino acids can exist in positively charged forms and, thereby, affect protein charges. Therefore, protein carbonylation affect protein net charges. Davies (1987) used isoelectric focusing (IEF) to detect alterations in the primary 13 Figure 1 . The acid-base equilibria in protein groups. Shown here are sidechains of the backbone that can exist in charged forms, along with their pK a values. The acid or base form that is prevalent at pH 5.5 is drawn in red color. The pK a values given here are those for isolated amino acids, or unfolded sidechains. Adapted from Kuriyan, Konforti, and Wemmer (2012) .
structure caused by oxidation. IEF separates proteins based on their pI and both positive and negative charge changes were observed with various proteins subjected to oxidation. Davies, Delsignore, and Lin (1987) found that bovine serum albumin shifted to a lower pI following oxidation. In agreement, Baraibar et al. (2011) reported that oxidative stress led to a shift of some proteins in human myoblasts to lower pI values. In meat, protein carbonylation has been suggested to result in modified electronic arrangement of myofilaments Utrera and Est evez 2012) . So far, only very limited is available on the changes of protein charges in meat as affected by oxidation. Sun et al. (2013) studied the changes in Zeta-potential of emulsions prepared from oxidized myofibrillar proteins and found a shift of pI of the emulsion droplets to lower values. The lower pI values were attributed to oxidation-induced loss of basic amino acid residues, production of more acetic residues, or increase of previously buried ionizable groups. More recently, Bao et al. (2018) directly measured the isoelectric point of oxidized myofibrillar proteins by IEF and observed a general shift of protein bands towards a lower pI following oxidation. Affected proteins were identified as mainly myosin heavy chain, myosin light chain, actin and tropomyosin. Those proteins account for approximately 73% of the myofibrillar proteins and locate in either myosin filaments or actin filaments. Lower pI values of myofibrillar proteins bring the average pI of muscle proteins towards the more acidic area, and therefore the difference between the average pI and experimental pH (5.5) became larger, indicating that oxidation increased the overall net negative charges of myofibrillar proteins. A limitation of IEF gel electrophoresis is that this technique only allows analyses of solubilized proteins while solubilization of oxidized myofibrillar proteins is difficult. To obtain information on more insoluble proteins also, an amino acid analysis on the acid hydrolysates of the myofibril pellets was performed, and histidine was found to decrease with oxidation (Bao et al. 2018) . It was hypothesized that some of the histidine side chains formed carbonyls and thereby lost their positive charges upon oxidation. Therefore, the observed loss of histidine supports the hypothesis that oxidation leads to an increase of net negative charge on actin and myosin filaments.
Formation of protein cross-links
Formation of cross-links is one of the most common consequences of protein oxidation in meat (Lund et al. 2011) . Protein cross-linking refers to the formation of covalent bonds within a protein (intramolecular) or between proteins (intermolecular). Several pathways lead to oxidation-induced protein cross-linking (Stadtman and Levine 2003) and some of them are relevant in meat systems ( Fig. 3) as discussed in the following.
Different types of protein cross-linking in meat Formation of disulfide through oxidation of cysteine thiol groups. One of the oxidized products of cysteine is the disulfide cross-link ( Fig. 3a ). SDS-PAGE results under reducing and non-reducing conditions have indicated the formation of disulfide-linked protein polymers in high The number in the brackets is the amount (moles/10 4 g actomyosin) of amino acids. Adapted from Hamm (1972) .
oxygen packaged beef (Bao, Puolanne, and Ertbjerg 2016; Kim et al. 2010 ) and pork (Delles and Xiong 2014; Lund et al. 2007 ), as well as in chemically oxidized myofibril extracts (Decker et al. 1993; Xiong, Park, and Ooizumi 2009) . Disulfide formation is a common outcome of oxidative stress and many reactions lead to disulfides, such as interactions of thiols with sulfenic acids, conversion of thiosulfinate or thiolsulfonate esters, and radical-mediated thiol oxidation (Nagy and Winterbourn 2010) . The common strategy for detection of disulfides involves 3 steps: 1) blocking the free thiol group, 2) reducing the disulfides, and 3) detecting newly reduced thiols (Rysman et al. 2014) . The disulfide bond is regarded as the main oxidationinduced cross-linking type in fresh meat, however, other types of cross-links are present in meat as well (Lund et al. 2011) .
Formation of dityrosine through interaction of two tyrosine radicals. Tyrosine is one of the primary targets for oxidation by various ROS, and it can be converted to dityrosine (Fig. 3b ), a specific marker for protein oxidation (Davies, Delsignore, and Lin 1987; Giulivi and Davies 1993) . Formation of dityrosine has been reported in meat model systems (Bertram et al. 2007; Morzel et al. 2006; Xiong et al. 2009 ) and recently also in meat ). Bertram et al. (2007) showed that pH had a great effect on the formation of dityrosine and the formation was much higher at pH 5.5 than at pH 7.0. It is not clear if dityrosine can be a good marker of protein oxidation in meat due to limited available knowledge.
Carbonyl group mediated cross-linking. Protein carbonyls resulting from oxidation are reactive and has been described in detail in an excellent review by Est evez (2011). Carbonyls may thus further react with lysine e-amino groups which results in protein cross-linking ( Fig. 3c ), or two specific carbonyls AAS could form an aldol condensation product also leading to cross-linking ( Fig. 3d ). Other than proteinderived carbonyls, lipid oxidation also generates carbonyl compounds (such as malondialdehyde, MDA), which can react with the e-amino group of lysine residues in proteins.
In theory, the oxidation reactions can be transferred between lipids and proteins (Zhang et al. 2013 ). Reactions of both carbonyl groups of MDA with two different lysine residues is another pathway leading to protein cross-linking ( Fig. 3e ). Buttkus (1967) showed that MDA reacted with myosin e-amino groups and lysine was among the most reactive amino acid residues. Xiong et al. (2009) found an increased amount of protein-bound MDA in myofibrillar proteins exposed to different oxidizing systems, and they suggested that MDA contributed to the cross-linking of oxidized myofibrillar proteins. It has also been shown that other aldehydes than MDA are susceptible to form adducts with proteins, such as 4-hydroxy-2-nonenal (HNE) ( serve as a pool of reactive species which can react with proteins leading to protein cross-linking.
Cross-linking of structural proteins
In meat model systems subjected to oxidative stress, protein aggregates are generally formed (Decker et al. 1993; Martinaud et al. 1997; Morzel et al. 2006 ; Sant e-Lhoutellier, Aubry, and Gatellier 2007; Xiong et al. 2009 ). Decker et al. (1993) incubated myofibrillar proteins with oxidants and observed marked loss of myosin and actin bands in SDS-PAGE (non-reducing conditions). Myosin and actin apparently formed cross-linked products which were too large to enter the gel. Martinaud et al. (1997) concluded that myosin is the most oxidizible among the myofibrillar proteins. Xiong et al. (2009) investigated the cross-linking pattern of porcine myofibrillar proteins, and found that the tail part of myosin was a favorable region for cross-linking. Lund et al. (2007) studied effect of high oxygen MAP on protein oxidation of pork during chill storage, and observed cross-linked myosin heavy chain in high oxygen packaged but not in vacuum skin packaged meat, indicating that oxidation induced protein cross-linking. The loss of free thiols suggested that disulfides participated in cross-linking and this was confirmed by the observation that cross-linked protein bands disappeared under reducing conditions. By using 2D diagonal-PAGE, Kim et al. (2010) obtained results suggesting that intermolecular cross-linking might have occurred between myosin heavy chain and titin. Cross-linked myosin heavy chain has been observed as a major oxidation product in high oxygen packaged meat in other studies as well (Bao and Ertbjerg 2015; Bao et al. 2016; Moczkowska et al. 2017; Rysman et al. 2014) .
Collagen is a significant part of proteins in meat, and knowledge about oxidation of collagen in postmortem muscle is limited in the literature. It is generally accepted that collagen in the intramuscular connective tissue develops more mature cross-links as animal grows older (reviewed by Purslow 2005) . Cross-linking of collagen has been shown when exposed to hydroxyl radicals (Kano, Sakano, and Fujimoto 1987) , ozone or UV radiation (Fujimori 1988) . In contrast, fragmentation of collagen were also reported in metal catalyzed oxidation and UV irradiation . Protein backbone fragmentation has been regarded as one of the common consequences of oxidation (Stadtman and Levine 2003) . Unlike cross-linking, which has been shown in meat and meat model systems; no direct evidence for oxidation-induced protein fragmentation has been found in meat.
In meat products, compounds from other sources are often added. Oxidative enzymes (e.g. tyrosinase, laccase) that have been used in meat model systems can facilitate formation of protein cross-links (Lantto et al. 2007 ). Some phenolic-rich plant extracts have been used as antioxidants in meat (Juntachote et al. 2006; Wagh et al. 2015) and by retarding oxidative reactions they have the potential to prolong the self life of meat products. Jongberg et al. (2013) found that addition of green tea extract to the recipe of Bologna type sausage enhanced protein polymerization and the polymerization was ascribed to interactions between quinone compounds from tea extract and thiol groups of muscle proteins.
Detection of protein cross-linking
Disulfide cross-linking can be both intra-and inter-molecular. Diagonal PAGE has been used as a tool to distinguish the two types of protein cross-linking (Winger et al. 2007 ). The diagonal PAGE is a 2D gel which separates proteins based on molecular weight first under non-reducing condition and then under reducing condition (Fig. 4) . This technique has been used to study protein cross-linking in high oxygen packaged beef (Kim et al. 2010; Moczkowska et al. 2017) . Some of the myofibrillar proteins (e.g. titin and nebulin) have a very large molecular weight and low solubility. Inter-molecular protein cross-linking leads to even larger and less soluble molecules, thereby making the analysis of oxidized proteins by gel electrophoresis rather difficult. Warren, Krzesinski, and Greaser (2003) developed a vertical agarose gel electrophoresis system that allows separation of titin and other high molecular weight products.
Particle size as determined by laser diffraction has been previously used as a fast and simple method to evaluate myofibril fragmentation in meat (Karumendu et al. 2009; Lametsch et al. 2007) , and it has also been used to study the textural properties of wooden breast chicken muscle (Soglia et al. 2017 ). Intermolecular protein cross-linking is expected to increase particle size of meat homogenates. Therefore, particle size can be used as an indicator of oxidationinduced protein cross-linking.
Effects of protein oxidation on texture and water-holding
Texture and water-holding are important meat quality traits as they are linked to sensory acceptability and therefore the Halonen 2010) of meat. Although many factors influence texture and water-holding, changes in these two meat quality traits are often through key changes to the structure of muscle proteins and their spatial arrangement (Hughes et al. 2014) . Oxidative modification may lead to protein crosslinking and affect protein net charges (as discussed in the previous section), and thereby influence the structure of muscle proteins and their spatial arrangement. Protein oxidation readily occurs in postmortem muscle during storage and processing. The impact of protein oxidation on texture and water-holding of meat is introduced below.
Oxidation-induced meat toughening
An overview of the literature on the relationship between oxidative conditions and textural properties of meat with focus on oxygen in packaging is summarized in Table 1 and studies on meat model systems using either chemical oxidation such as the Fenton reaction or irradiation is summarized in Table 2 . Although a few of these studies did not find a significant toughening effect due to oxidation, the consensus is that oxidative conditions, such as high oxygen MAP and irradiation, generally lead to decreased tenderness or increased shear force of meat, as observed in beef (Kim et al. 2010; Lagerstedt, Lundstr€ om, and Lindahl 2011) , pork (Bao and Ertbjerg 2015; Lund et al. 2007 ), lamb (B ornez et al. 2010; Kim et al. 2012) , and chicken (Yoon, 2003) . Some of the studies found that the toughening effect depends on animal species , animal age (Kim et al. 2012) , or muscle type (Kim et al. 2010 ). The meat toughening effect is often accompanied by formation of protein cross-links (Bao and Ertbjerg 2015; Kim et al. 2010; Lund et al. 2007; Moczkowska et al. 2017; Jongberg et al. 2014) . Some studies have shown increased lipid oxidation in parallel with texture changes. However, the extent of the direct effect of lipid oxidation on texture is difficult to assess as lipid oxidation may transfer the oxidative stress to protein (Liu, Lampi and Ertbjerg 2018) and therefore also affect texture through protein oxidation. Oxidation-induced textural changes were also demonstrated on single muscle fibers isolated from cooked meat samples where the breaking force of bovine LD muscle fibers increased in high oxygen MAP, indicating that texture changes occurs at the level of the muscle fiber. It is currently not known if oxidation of connective tissue is also involved in the observed texture changes. Two mechanisms have been proposed for oxidation-induced changes in meat texture: toughening through formation of protein cross-links and less tenderization through reduced proteolysis.
Role of protein cross-linking
Formation of mature cross-links in collagen during animal aging is known to increase meat toughness (Purslow 2005) , and likewise can oxidation-induced protein cross-links in myofibrils be assumed to contribute to textural changes of meat. Protein cross-linking affects the elastic pressure (P) of a gel and P is given by:
where q is the amount of swelling, R is the gas constant, T is the absolute temperature, v e is the number of cross-linked units in the unswollen volume V 0 (Flory 1953) . It can be seen from Equation 3 that with increasing number of crosslinks, the higher the elastic pressure and therefore the gel will be more resistant to deformation. In agreement, Wang, Luo and Ertbjerg (2017) found that a stronger myofibrillar protein gel was linked to more protein cross-linking. Although muscle is much more ordered than a protein gel, there are sufficient general common principles involved. Oxidation-induced cross-links may add to the heat-induced cross-links formed in meat during cooking and therefore increase the elastic pressure of meat leading to tougher meat. Myofibrillar protein cross-linking has been regarded as one of the explanations for the toughening effect in meat with short sarcomeres (Bailey 1972) . In contracted sarcomeres, the altered structure with greater overlap of myosin and actin filaments may permit the formation of more disulfide bonds, leading to tougher meat. In high oxygen packaged pork, formation of disulfide bonds and lower tenderness were observed by Lund et al. (2007) , and they suggested that protein cross-linking is one of the mechanisms for oxidation-induced meat toughening. In their study, the observed larger particle size of oxidized myofibrils was paralleled by oxidation-induced protein cross-linking.
Oxidation-induced meat toughening via protein cross-linking is supported by Bao and Ertbjerg (2015) , where a hypothesis was proposed for the relationship between oxygen concentrations, shear force and protein oxidation in meat packaged with oxygen. ROS is generated in meat during storage in the presence of oxygen and light, and the generated reactive species react with other meat components leading to oxidized lipids and proteins. Free radicals may transfer between lipids and proteins while one of the consequences of oxidized proteins is to form protein cross-links, and protein cross-linking subsequently lead to tougher meat. Myofibrillar protein cross-linking in high oxygen MAP together with tougher meat were also observed in other studies (Bao et al. 2016; Kim et al. 2010; Moczkowska et al. 2017) .
Role of proteolysis
Meat tenderization is a complex process and several enzymatic systems have been suggested to play a role (Ouali et al. 2013) . The involvement of calpain-1 is thus well documented (Huff-Lonergan, Zhang and Lonergan 2010; Kemp and Parr 2012) . In addition, calpain-2 appear to be active in tenderization of pork (Pomponio and Ertbjerg 2012) . Also caspases (Kemp and Parr 2012) , the proteasome (Houbak, Ertbjerg and Therkildsen 2008) and lysosomal peptidases including cathepsins (Ertbjerg et al. 1999 ) may contribute. The 20S proteasome is able to degrade unfolded protein in an ATP-and ubiquitin-independent fashion and is well known that oxidized proteins are excellent substrates. Heat Shock Protein 70 has in cellular systems been shown to be able to promote degradation of oxidatively damaged proteins by the 20S proteasome (Reeg et al. 2016) . Hydrolysis of peptide bonds by calpains requires a transfer of electrons between cysteine and histidine residues in the active site (Mehdi 1991) . Both cysteine and histidine are susceptible to oxidation (Stadtman and Levine 2003) and therefore oxidation might inhibit calpain activity and subsequently reduce the proteolysis of structural proteins and thereby lead to less tender meat. It has thus been shown that purified calpain-1 lose activity upon oxidation (Guttmann et al. 1997 ; Lametsch, Lonergan, and Huff-Lonergan 2008). In beef, Rowe et al. (2004b) evidenced oxidation-induced inactivation of calpain-1 as the activity and autolysis decreased following irradiation. The milder oxidative stress in high oxygen MAP appear not to affect desmin degradation, suggesting that the proteolysis of myofibrillar proteins is not affected (Bao and Ertbjerg 2015; Kim et al. 2010; Lindahl et al. 2010) , although the exact conditions may be of importance as contrasting results have also been reported (Chen et al. 2015; Fu et al. 2017 ). In the literature, it is generally believed that protein cross-linking, rather than reduced proteolysis, accounts for increased meat toughness during storage in high oxygen MAP.
In addition to inactivation of the enzymes, oxidation by 1-5 mM H 2 O 2 in the Fenton reaction may also negatively affect the susceptibility of myofibrillar proteins to proteolysis (Sant e-Lhoutellier et al. 2007) . In contrast, Smuder et al. (2010) claimed that oxidation (25 lM H 2 O 2 ) enhanced myofibrillar protein degradation by calpain. These conflicting effects of oxidation on proteolysis may due to different degrees of oxidation: moderate oxidation may unfold protein structures while extensive oxidation often leads to more compact protein structures.
Protein oxidation in relation to water-holding of meat
The relationship between oxidative conditions and waterholding properties is summarized in Table 3 with focus on modified atmosphere packaged meat and in Table 4 for meat model systems. Oxidation-induced reactions are very complex and may interact with various water-holding determination methods where salt, pyrophosphate or cooking may be used in the procedures. Currently, there is no general agreement about the effect of protein oxidation on water-holding of fresh meat, especially for meat packaged with oxygen. Lund et al. (2007) found higher drip loss in high oxygen packaged pork as compared to vacuum packaged samples. Oxidation-induced decrease in water-holding is supported by other studies (Delles and Xiong 2014; Zakrys-Waliwander et al. 2012) . However, some studies did not find a clear effect of high oxygen MAP on water-holding (Clausen et al. 2009; Lindahl et al. 2010; Łopacka et al. 2017) or an oppsite effect that vacuum packaged meat samples had higher drip loss or purge loss (Chen et al. 2015; Sekar et al. 2006; Yang et al. 2016) .
Unlike purge loss or drip loss, moisture absorption of meat in brine containing salt and pyrophosphate was generally better following protein oxidation (Delles and Xiong 2014; Liu et al. 2011) . In model oxidation systems, Bertram et al. (2007) studied the water functionality of oxidized myofibrillar proteins using NMR, and reported reduced T 2 relaxation times upon oxidation, which was interpret to indicate that oxidation reduced the water-holding of myofibrils. However, a direct proof that oxidation decreased waterholding was not obtained. In other studies, the centrifugation loss of myofibrillar protein gels generally increased with oxidation (Decker et al. 1993; Liu et al. 2010; Utrera and Est evez 2012; Xiong et al. 2010) . Heating and high salt are often involved in the preparation of myofibrillar protein gel, and they may interact with the oxidation treatment. In contrast using 'raw' myofibrils (no heating and low ionic strength), Bao et al. (2018) showed a decreased centrifugation loss of HClO-oxidized myofibrils.
Most water in muscle is held within the myofibrillar protein matrix (Huff-Lonergan and Lonergan 2005) . The volume changes of myofibrils has been suggested as a good model for explaining changes in water-holding observed in Table 3 . Summary of literature on the effects of high oxygen MAP on water-holding of meat. meat (Offer and Trinick 1983) . Myofibrils are composed of sarcomeres and the volume of a sarcomere is determined by the length and lattice spacing. Recently, a detailed review paper has discussed the structure of the sarcomere in postmortem muscle and its relation to water-holding . In post-rigor raw meat, swelling or shrinking of myofibrils mainly happens laterally as changes in lattice spacing of filaments rather than as changes in sarcomere length. Filament net charges and structural constraints are two important factors that influence the lattice spacing (Smith 2014) and thereby water-holding of meat.
Role of filament net charges on water-holding As explained ealier, myofilaments are net negatively charged in postmortem muscle and the electrostatic forces tend to push the filaments apart. Hamm (1972) concluded that the electrostatic repulsion between myofilaments contributes to water-holding of myofibrils. In addition to electrostatic repulsion, filament net charges could result in an uneven distribution of counter-ions being more concentrated near the filaments and thus creating osmotic forces leading to an increased swelling pressure of myofibrils (Offer and Knight 1988) . Both hypotheses (Hamm 1972; Offer and Knight 1988 ) support that increased filament net charges lead to increased water-holding, and explain the effects of salt content and pH on water-holding (Puolanne and Halonen 2010) . Myofibrillar proteins on average has a pI around 5.0 where filaments carry minimum net charges and therefore a minimum lattice spacing. Filaments gradually become more positively charged at pH below the pI, while they are negatively charged above pI. The addition of salt affects the water-holding of meat, which may be due to a preferred association of Cl À with myosin filaments as the chaotropic chloride ion probably will be absorbed not only to the outer surface but also to the hollow and hydrophobic part of myosin filaments (Puolanne and Halonen 2010) . Filament charges may also play a role in effects of sarcoplasmic protein denaturation on water-holding. Liu et al. (2016) observed a decreased distance between filaments upon denaturation of sarcoplasmic proteins. As the pI of sarcoplasmic proteins are generally between 6 and 7, they will have net positive charges at ultimate meat pH of 5.5. The study suggested that denatured sarcoplasmic proteins precipitated onto myofilaments and added positive charges to filaments and thus decreased the net negative charges, which in turn could explain the observed decrease of filament space and water-holding.
It has been suggested that oxidative modification of the amino acid side chains lead to modified electronic arrangement on myofilaments and the modification of filament charges affect water-holding Utrera and Est evez 2012) . Carbonylation of positively charged amino acids (Lys, Arg, His) would lead to a loss of positive charges and thereby increase the net negative charges on myfilaments. As explained above, an increase in the net negative charges is expected to increase water-holding of meat. Bao et al. (2018) found that oxidation with a strong oxidant (HClO) generally increased the water-holding of myofibrils and a hypothesis was proposed (Fig. 5) . On one hand, incubation of myofibrils with HClO led to protein cross-linking and/or aggregation (indicated by increased particle size) which limited swelling of myofibrils. On the other hand, oxidation led to increased net negative charges on myofilaments as indicated by lower isoelectric point of myofibrillar proteins and decreased histidine content. The increased net negative charges increase the repulsion between myofilaments, and therefore the oxidation-induced increase in water-holding may due to a greater effect of increased net charges than opposing effect of protein cross-links. Kanatt et al. (2015) According to Collins (1997) , stable charges of biomolecules are strong chaotropes, such as basic amino acid residues: lysine, arginine and histidine. The structure-breaking chaotropes may make water molecules less structured and induce so-called high density water. The high density water is more mobile and therefore is hypothesized to reduce water-holding (Puolanne and Halonen 2010) . Protein carbonylation on lysine, arginine and histidine residues leads to loss of their positive charges, this may decrease the chaotropic effect and therefore increase water-holding.
Role of structural constraints on water-holding
The structure of myofibrils bears a large influence on waterholding of meat. Whereas the net charges of myofilaments promote swelling some mechanical forces restrict expansion. Especially the cross-bridges between actin and myosin filaments has been emphasized as important, but also the Z-disc and M-band are structures that form transversal linkages which are believed to add mechanical constraints to swelling (Offer and Trinick 1983) . In an oxidizing environment additional cross-links are formed and this will likely strengthen the protein scaffold and thus increase the constraints and tend to reduce the swelling. Liu et al. (2009) proposed a model for the effect of protein oxidation on swelling of myofibrils in the presence of salt. The disulfide cross-links were hypothesized to restrict salt-induced swelling of myofibrils. While protein cross-linking thus may strengthen the meat structure and reduce water-holding, proteolysis on the contrary will weaken the myofibrillar structure and may improve water-holding. Protein oxidation can as described above furthermore inhibit proteolysis in meat and Huff-Lonergan and Lonergan (2005) suggested that oxidation-induced inhibition of proteolysis negatively affects water-holding. Different mechanisms of proteolysis-induced increase in water-holding of meat was proposed by Kristensen and Purslow (2001) , Farouk et al. (2012) , and Zeng, Li, and Ertbjerg (2017) .
Concluding remarks
The present review summarized studies about protein oxidation on texture and water-holding of fresh meat. In general, protein oxidation often leads to increased meat toughness, either through formation of protein cross-links or reduced proteolysis of structural proteins. However, the effect of protein oxidation on water-holding is likely a balance between promoting factors (such as increased net filament charges) and opposing factors (such as protein cross-links). The net charges of myofilaments may provide a novel perspective to understand oxidation-induced meat quality changes. The formation of carbonyl groups is a general marker for protein oxidation and specific carbonyls (lysine-derived AAS and arginine-or proline-derived GGS) have been investigated in meat. In meat, histidine has also been suggested to form carbonyls due to oxidation. Histidine is of importance to several aspects in relation to meat quality, as it contributes to meat buffering capacity in the range pH 5.5-7, locates in the reactive center of calpains, and interacts with the heme group in myoglobin. Therefore, histidine and its oxidation products require more attention in the research field of meat science. Figure 5 . Model for the effect of myofibrillar protein oxidation on filament spacing. Oxidation leads to two major changes with opposite effects on filament distance: 1) Oxidation leads to formation of disulfide cross-links from two cysteine residues, and thus limits swelling of myofibrils (D 1 < D 0 ); 2) Conversely, histidine residues forms 2-oxo-histidine following oxidation and loses its positive charge and thereby increases in the net negative charges of myofilaments leading to swelling of myofibrils (D 2 > D 0 ).
